short-chain polyP in T. cruzi (8, 9) are extended here to report the biochemical identification of the polyPs present in extracts of different stages of T. cruzi and isolated acidocalcisomes together with the first report of the presence of long-chain polyP and enzymatic activities involved in its synthesis and degradation, in these organisms. Our results indicate that the concentration of polyPs changes drastically during growth and differentiation of these parasites and that polyPs are rapidly mobilized under osmotic or alkaline stresses. Also, Ca 2+ release from acidocalcisomes is associated with hydrolysis of polyP. The enzymatic activities required for these rapid changes, polyP kinase and exopolyphosphatase are present in the acidocalcisomes. The rapid mobilization of Ca 2+ and polyP from acidocalcisomes suggests a critical role for these organelles in the adaptation of the parasite to environmental changes.
EXPERIMENTAL PROCEDURES
Culture methods-T. cruzi amastigotes and trypomastigotes (Y strain) were obtained from the culture medium of L6E9 myoblasts as we have described before (15) . T. cruzi epimastigotes (Y strain) were grown at 28 o C in liver infusion tryptose (LIT) medium (16) supplemented with 10% newborn calf serum. Protein concentration was determined using the Bio-Rad protein assay. Trypomastigotes were induced to transform into amastigotes axenically as described previously (15) .
Materials-
Leupeptin, trans-epoxysuccinyl-L-leucylamido-(4-guanidino) butane (E64), Nα-p-tosyl-L-lysine chloromethyl ketone (TLCK), ATP, ionophores except ionomycin, and reagents for marker enzyme assays, polyphosphates and phosphate glass (also known as sodium insoluble metaphosphate) were purchased from Sigma Chemical Co (St. Louis, MO).
Silicon carbide (400 mesh) was bought from Aldrich (Milwaukee, Isolation of acidocalcisomes-Isolation of acidocalcisomes was done exactly as described before (5) . Collected gradient fractions were assayed for hexokinase (glycosomal marker), acid phosphatase (lysosomal marker), alanine and aspartate aminotransferases (mitochondrial and cytosolic markers) and vacuolar pyrophosphatase (acidocalcisomal marker) as previously described (4, 5) .
Extraction of long-and short-chain polyP-Cells (1 X 10 7 -1 x 10 8 ) were washed once with Dulbecco´s PBS and treated with methods to extract either long-chain, or shortchain polyP. Different samples were used for each method. Long-chain polyP extraction was performed as described by Ault-Riché et al. (17) . For short-chain polyP extraction, the cell pellet was resuspended in ice-cold 0.5 M HClO 4 (2 ml/g wet weight of cells). After 30 min incubation on ice, the extracts were centrifuged at 3,000 x g for 5 min. The supernatants were neutralized by the addition of 0.72 M KOH/0.6 M KHCO 3 . Precipitated KClO 4 was removed by centrifugation at 3,000 x g for 5 min and the extracted supernatant was used for polyP determination.
Purification of recombinant exopolyphophatase (rPPX1) from Saccharomyces
cerevisiae-E. coli strain CA38 pTrcPPX1 is an insertionally inactivated mutant for endogenous polyphosphate kinase and exopolyphophatase (18) , containing a plasmid with the His-tagged rPPX1 gene from S. cerevisiae (19) . This strain was grown to an A 600 of 0.6 in LB medium (1% tryptose, 0.5% yeast extract, 1% NaCl, pH 7.5). Addition of isopropyl β-D-thiogalactopyranoside (IPTG) (0.5 mM final concentration) induced the production of rPPX1. After incubation for 6 h, cells were harvested by centrifugation (4,000 x g for 15 min). The cells were resuspended in buffer I (50 mM Tris-HCl, pH 7.5, 0.1 M NaCl and 20 µM phenylmethylsulfonyl fluoride (PMSF) with 2 mg lysozyme/ml) and incubated on ice for 15 min. Then, the cells were sonicated (3 times for 20 sec at 20% intensity in a Branson sonifier, model 102c). The suspension was centrifuged for 30 min at 45,000 x g. The supernatant was applied to a HisBind TM column that was equilibrated with buffer I and the column was washed with 3 column volumes of buffer I. Proteins were eluted with sequential additions of buffer I containing 50, 100, 200, 400, 800 mM imidazole and equilibrated with buffer I. Exopolyphosphatase activity was determined as in the analysis of polyP (below), using 0.6 mg/ml of polyP 15. PPX1 was eluted with buffer containing 50-100 mM imidazole, and the purity of the enzyme, estimated by SDS-PAGE, was over 95%.
Analysis of polyP-PolyP levels were determined from the amount of Pi released upon treatment with an excess of rPPX1. Aliquots of long-or short-chain polyP extracts (always less than 1.5 nmol) were incubated for 15 min at 37 o C with 60 mM Tris-HCl, pH 7.5, 6.0 mM MgCl 2 and 3,000 to 5,000 Units purified rPPX1 in a final volume of 75 µl. One unit corresponds to the release of 1 pmol of Pi per min at 37 ºC. rPPX1 has been shown to be a powerful catalyst increasing the hydrolytic activity of a phosphoanhydride bond by 10 11 -fold and is active on both polyP 3 and longer chain polyP, as detected by treatment of radiolabeled polyP (20) . Release of Pi was monitored by the method of Lanzetta et al. (21) .
The intracellular concentrations of polyP in different stages of T. cruzi were calculated from the respective cell volumes reported before (22) . These values correspond to 30 µl/10 9 epimastigotes and 12 µl/10 9 amastigotes or trypomastigotes.
Electrophoretic analysis of polyP-Urea-polyacrylamide gels were prepared and stained with toluidine blue as previously described (23 Fluorescence microscopy-Cells (5 x 10 7 ) obtained as described above (5) were washed twice with Dulbecco´s PBS. The pellet was resuspended in 2 ml of the same buffer and 45 µl of this suspension was incubated at room temperature with 10 µg 4´, 6-diamidino-2-phenylindole (DAPI)/ml. After 10 min, the samples were mounted on a slide and observed with an Olympus model BX-60 epifluorescence microscope. Acidocalcisomal fractions (1 mg protein/ml) were incubated with DAPI as above. Olympus WIG (500-520 nm excitation; >580 nm emission) and Olympus WU (380-385 nm excitation; >420 emission) filters were used for polyP and DNA detection, respectively. The images were recorded with a CCD camera (model CH250; Photometrics Ltd., Tucson, AZ) and IPLab software (Signal Analytics, Vienna, VA) as described previously (24) .
Cell treatments-Epimastigotes (1 x 10 9 ) were washed once in Dulbecco´s PBS, resuspended in prewarmed isotonic, hypotonic or hypertonic media, and incubated at 30 o C. At the indicated times, aliquots were withdrawn, quickly transferred to an isotonic buffer pre-equilibrated at 4 o C to stop the reaction, centrifuged, and the polyP content of the pellets was quantified as described above. Isotonic medium (137 mM NaCl, 4 mM KCl, 1.5 mM K 2 HPO 4 and 8.5 mM Na 2 HPO 4 ) was 300 ± 5 mosM, hypotonic medium (half of these salts concentrations) was 150 ± 4 mosM and hypertonic medium (3/2 of these salts concentrations) was 450 ± 6 mosM. All media contained in addition 20 mM Hepes, pH 7. Acidocalcisomal synthesis and degradation of polyP-To investigate polyP synthesis by isolated acidocalcisomes, the isolated fraction (100 µg protein) (5) was incubated for 5 min at 37 o C in buffer A containing 0.1 mM PPi. ATP (1 mM) was then added and the preparation incubated for different times at 37 o C, after which 500 µl of GITC lysis buffer (for long-chain polyP determination) or 300 µl of ice-cold 0.5 M HClO 4 (for short-chain polyP determination) were added and polyP extracted and quantified as described above.
To investigate polyP hydrolysis acidocalcisomes were suspended in a buffer containing 250 mM sucrose, 2 mM MgCl 2 and 50 mM Tris-HCl at the pHs indicated under Results. The suspension was divided in two samples and 1 mg/ml digitonin was added to one of them, while the other was kept as control. The suspension was then vortexed for about 1 minute and kept on ice for 5 min to measure tetrapolyphosphatase activity in the presence of 0.1 mM tetrapolyphosphate using a phosphate release assay kit (5) . After the digitonin treatment aliquots were centrifuged at 10,000 x g for 5 min, to isolate the soluble content.
The supernatant was collected and submitted to a second centrifugation step under the same conditions. Final supernatants and pellets were used for measurement of tetrapolyphosphatase activity at different pH and CaCl 2 concentrations. in chains of less than 50 residues long, and levels of 82.5 ± 5.75, 130 ± 15, and 2889 ± 294.5 µM in chains of about 700-800 residues long, were found in trypomastigotes, amastigotes and epimastigotes, respectively.
RESULTS

PolyP abundance in different stages of T. cruzi-
PolyPs extracted from different stages of T. cruzi were electrophoresed by 6% urea-PAGE to determine their size distribution (Fig. 1A ). Only one size class of polyP was detected in the three developmental stages: long-chain polyP of about 700-800 residues.
The lack of detection of other polyPs suggests that the short-chain polyPs present in the different stages are too small to be recognized by toluidine blue (probably less than 5 residues) (25) . In order to investigate the presence of short-chain polyPs, we labeled epimastigotes with [ 32 P]Pi and the polyPs were extracted and electrophoresed using 6% urea-PAGE. The results are shown in Fig. 1B . Under these conditions labeled compounds that co-eluted with unlabeled commercial standards of polyP of about 5-15 Pi residues were obtained. This is consistent with our previous 31 P NMR work (8, 9) , in which high amounts of PPi, tri-, tetra-, and penta-phosphate were detected in epimastigotes and amastigotes of T. cruzi. Addition of a larger amount of material also permitted visualization of long-chain polyP (around 700-800 residues) (Fig. 1B, lane 2) .
Accumulation of polyP in acidocalcisomes-
The subcellular localization of the large amounts of polyP present in the parasites was investigated using two different methods.
First, by subcellular fractionation, and second, by cytochemical techniques. Subcellular fractionation of epimastigotes of T. cruzi revealed that more than 95% of the short-and long-chain polyPs were present in membrane fractions (10,000 x g pellet, Table 1 ). To investigate whether polyPs were present in acidocalcisomes, we isolated these organelles from epimastigotes using an iodixanol (Optiprep) density gradient (5). Short-and longchain polyPs were concentrated towards the bottom (dense end) of the gradient (fractions 23-24), with a smaller peak close to the upper part of the gradient (fractions 5-9) (Fig. 2) .
Markers for other compartments all peaked further up the gradient in the region of fractions 5-9. As previously described, this middle peak also contains acidocalcisomes within ghosts of cells (26) . Since the densest fractions (fractions 23 and 24) from the iodixanol gradients contained significant amounts (25% and 33%, respectively) of the total short-and long-chain polyPs recovered, which correlated well with the distribution of proton-translocating pyrophoshatase activity, an acidocalcisomal marker (4), the results suggest a preferential acidocalcisomal location of these compounds.
The location of polyP in T. cruzi was also investigated using 4´,6-diamidino-2-phenylindole (DAPI). DAPI is a useful tool in the fluorometric analysis of DNA but can also be used to study polyPs (27, 28) . DAPI has a fluorescence emission maximum at 456 nm. PolyP shifts DAPI fluorescence to a higher wavelength with a maximum at about 525 nm (27) . This DAPI fluorescence change is specific for polyP and is not produced by PPi or other anions (results not shown and 28). Epimastigotes of T. cruzi incubated in solutions of DAPI (10 µg/ml) were mounted on slides and examined by fluorescence microscopy.
When a blue filter was used for DNA staining, the nuclei and kinetoplast were clearly visible (Fig. 3B) . In contrast, when a red filter was used for polyP, staining in small spherical bodies corresponding to acidocalcisomes (3-6) was detected (Fig. 3A) . No staining was detected when DAPI was omitted and similar results were obtained using confocal microscopy (data not shown). To further confirm the acidocalcisomal localization of polyPs, acidocalcisomal fractions were incubated with DAPI, mounted on slides and examined by fluorescence microscopy. The isolated acidocalcisomes appeared in clusters and stained with DAPI when a red filter was used (Fig. 4) . No fluorescence was detected when DAPI was omitted from the incubation medium or a blue filter was used (data not shown).
Changes in polyP levels during cell growth and differentiation-When T. cruzi
epimastigotes were passaged into LIT medium, there was an initial lag period of 24-48 h before growth commenced. During this lag phase a rapid and massive accumulation of short-and long-chain polyP occurred (Fig. 5 ). Maximal accumulation of short-chain polyP was at about 12 h after inoculation and was followed by a rapid decrease at about 24
h. Maximal accumulation of long-chain polyP was at about 24 h and then rapidly decreased to steady state levels at about 72 h. Levels of both short-and long-chain polyP remained stable during the rest of the logarithmic and stationary phases of growth. These results suggest synthesis of short-chain polyP followed by their decrease simultaneously with the synthesis of long-chain polyP and finally hydrolysis of long-chain polyP once growth was resumed.
Since quantitative analysis of polyP indicated a larger amount of short-and longchain polyP in amastigotes than in trypomastigotes, it was of interest to study how rapidly These results show that polyP synthesis occurs progressively during the development of amastigotes.
Changes in polyP levels under stress conditions-When submitted to hypo-osmotic stress, levels of short- (Fig. 7A ) and long-chain (Fig. 7B ) polyP decreased within 5-10 min.
Long-chain polyP decreased to negligible levels after 20 min incubation under hypoosmotic conditions (Fig. 7B) . On the other hand, when epimastigotes were submitted to an hyperosmotic stress, short- (Fig. 7A ) and long-chain ( (33) . Evidence for a polyP hydrolyzing activity in the acidocalcisomes was also obtained. Fig. 11A shows that a significant increase in tetrapolyP hydrolysis was detected upon treatment of acidocalcisomes with 1 mg/ml digitonin.
Supernatants isolated from acidocalcisomes treated with 1 mg/ml digitonin were shown to hydrolyze tetrapolyP at a rate of 0.38 ± 0.015 µmol/min x mg of protein at pH 7.5 (n = 22).
This activity was lower at acidic pH ( Fig. 11B) and was inhibited by high Ca 2+ concentrations (Fig. 11C) , conditions that are prevalent within intact acidocalcisomes (4).
Interestingly a significant tetrapolyphosphatase activity was retained in the acidocalcisomal pellet after digitonin treatment. The rate of tetrapolyP hydrolysis in the acidocalcisomal pellet was 0.76 ± 0.07 µmol/min x mg of protein (n = 9) at pH 7.5.
DISCUSSION
In this study we have identified and measured the polyP content of different stages A rapid increase (within 2-4 h) in the levels of short-and long-chain polyPs was detected during trypomastigote to amastigote differentiation and during the lag phase of growth of epimastigotes (within 12-24 h). Levels rapidly decreased after the epimastigotes resumed growth. These changes are different to those observed in bacteria and in yeast (35, 36) . In bacteria, massive accumulations of polyP take place during the exponential phase of growth (35) and it has been proposed that polyP supports survival of stationary-phase E.
coli (35) . In S. cerevisiae it has been shown that, in glucose medium the mass and total cellular polyP content increased in parallel until glucose was depleted (11 h of culture growth) (36) . After glucose depletion, the content of polyPs in the cells fell sharply and then increased again in a 24-h culture. The significant decline in the content of intracellular polyPs, while Pi was present in the growth medium at high concentrations, was suggested to imply that in this growth phase, polyP are an energy rather that phosphate source (36) .
Similarly, the changes observed in the content of polyP in T. cruzi epimastigotes and amastigotes, which occur before cell division starts, could imply some requirement of these compounds as an energy source for resuming growth. It is important to note that the tissue culture-derived amastigotes assayed were either amastigotes released into the medium after 7 days of culture or after differentiation from trypomastigotes (Fig. 6) . In both cases these amastigotes are in a lag phase of growth since they either did not start to divide (when differentiating from trypomastigotes) or they had already finished their intracellular division cycle and because of the fragility of the tissue culture cells were released without differentiating into trypomastigotes.
The presence of polyPs in various microorganisms is well established and the hypothetical roles of these molecules have been reviewed (10, 12, 36) . The localization of these molecules within the cation-rich acidocalcisomes implies that their functional roles could be: (1) energy stores, and/or (2) chelators of metal ions. Short-chain polyPs such as
PPi could be used in place of ATP as an energy donor in several reactions in trypanosomatids, such as the glycosomal pyruvate, phosphate dikinase (37) and the vacuolar-type proton-translocating pyrophosphatase that has been shown to drive proton uptake into the acidocalcisomal compartment through cleavage of cytosolic pyrophosphate (4). As PPi is a charged and polar molecule, any movement of PPi through a cell membrane is likely to involve a specialized channel or transporter. In this regard, a transmembrane transporter that shuttles PPi between intracellular and extracellular compartments has recently been identified in many mammalian tissues (38) . A similar channel in the acidocalcisomal membrane would explain PPi accumulation after its synthesis through anabolic reactions occurring in the cytosol or its release to the cytosol to serve as substrate for the V-H + -PPase.
On the basis of the fast metabolic turnover of ATP (39) it has been suggested (40) that even highly elevated levels of long-chain polyP, that when expressed in phosphoanhydride bonds might be five times or more the level of ATP in some microorganisms, could supply energy for only a second or two. It has therefore been suggested that a regulatory role for long-chain polyP needs to be considered (40) . Long chain polyP, even at relatively low levels, has been shown to be essential for adaptation to various stresses and for survival of bacteria in stationary phase (17, 35, 40) . Similar studies have been reported in eukaryotic cells such as yeast (41, 42) , fungi (43) , and algae (44) (45) (46) .
In the yeast S. cerevisiae and in the alga Dunaliella salina ammonium ions induce hydrolysis of long-chain polyP and the appearance of tripolyP (41, 45) . We have reported (47) that influx of ammonia into epimastigotes induces a rapid alkalinization of the cytoplasm followed by recovery of the cytoplasmic pH. This recovery occurs in parallel with massive hydrolysis of polyP (Figs. 8A, and B) . In this regard, it has been indicated that H + generation from polyP hydrolysis can neutralize up to a 2.5 pH unit change in S.
cerevisiae (42) .
Two main classes of polyphosphatases have been described. Exopolyphosphatases have been found in prokaryotes and eukaryotes, and remove orthophosphate from the end of the polyphosphate chain. Although in bacteria these enzymes hydrolyse mostly highmolecular weight polyphosphates (48) , at least some of the enzymes from yeast are more active hydrolyzing short-chain polyphosphates, such as tripolyphosphate (48) . Organelle acidification and addition of ATP were necessary to detect polyP synthesis. This would suggest that either the acidocalcisomal membrane is permeable to ATP or the enzyme is located in the acidocalcisomal membrane with its catalytic site oriented towards the cytosolic side of the organelle, and requires an intraorganellar acidic pH for activity.
Short-and long-chain polyP levels also rapidly decreased upon exposure of epimastigotes to hypo-osmotic stress while levels increased after hyper-osmotic stress ( Fig. 7A and B) . This would suggest a role for Pi in the adaptation of the parasites to osmotic stress. This is extremely important for a parasite that lives in environments of 
